Abstract. Forkhead box O4 (FOXO4) has been reported to be a novel tumor suppressor gene in gastrointestinal cancers; however, its role in clear-cell renal carcinoma cells (ccRCC) has remained largely elusive. The present study assessed the expression levels of FOXO4 in RCC tissues and cells. Furthermore, the effects of vector-mediated overexpression of FOXO4 on the apoptotic rate of the 786-0 and Caki-1 cell lines and the role of Bim in this process were investigated. The results demonstrated that the protein and mRNA expression levels of FOXO4 were decreased in renal cancer tissues and cell lines compared with those in normal tissues and cell lines. FOXO4 overexpression significantly increased the apoptotic rate of ccRCC cells in vitro, along with increased protein expression levels of Bim, cleaved-caspase 3, B-cell lymphoma 2 (Bcl-2)-associated X protein (Bax) and cytochrome c, as well as a decrease in Bcl-2 expression. Of note, the apoptotic effects of FOXO4 overexpression in 786-0 cells were inhibited by small interfering RNA-mediated knockdown of Bim. The results of the present study indicated that FOXO4 has an inhibitory effect in ccRCC, at least in part through inducing apoptosis via upregulation of Bim in the mitochondria-dependent pathway.
Introduction
Renal cell carcinoma (RCC) is a common type of malignant neoplasm of the urinary system with increasing morbidity and mortality worldwide (1) . Histopathologically, the clear-cell (cc) sub-type accounts for 80% of all renal-cell carcinoma (2) . While surgical approaches represent a curative treatment method for RCC, one-third of patients develop metastasis and require systemic therapy (3) . However, as end-stage RCC is frequently resistant to radiotherapy and chemotherapy, the affected patients have a poor prognosis. Therefore, novel molecular targets in RCC are required to be identified in order to provide more efficient therapeutic approaches.
Forkhead box transcription factors, class O (FOXO) include four important components: FOXO1, -3, -4 and -6, which have been reported not only to have crucial roles in cellular proliferation, inflammation, stress resistance and apoptosis (4-7), but to also exert anti-tumor effects in certain types of malignant neoplasm (8, 9) . FOXO4 is highly expressed in kidney, muscle and colorectal tissues, and has protective effects against cardiovascular diseases (10) and malignancies. Studies have reported that FOXO4 exerts tumor-suppressive effects in cholangiocarcinoma (11) and gastric cancer (12) , while its potential effect on RCC has remained elusive and was therefore assessed in the present study. For this, the expression of FOXO4 in RCC tissues and cell lines as well as normal renal cells was assessed, and the effects of vector-mediated overexpression of FOXO on the apoptosis of RCC cell lines were investigated. Furthermore, the role of apoptotic proteins in this process was assessed to determine the underlying molecular mechanism.
Materials and methods
Patients and samples. Fifty-eight human RCC tissue samples and adjacent normal tissues were obtained from RCC patients (49 males and 9 females; age, 46-70 years with mean of 58.6 years) undergoing nephrectomy at the Department of Urology, Renmin Hospital of Wuhan University (Wuhan, China). All of the tumor samples were of the clear-cell sub-type as verified by pathological examination, and the corresponding normal samples obtained from adjacent tissues did not exhibit any pathological abnormalities. The samples were frozen in liquid nitrogen and stored at -70˚C prior to protein and RNA extraction. The use of human tissues was approved by the Institutional Review Board of Wuhan University (Wuhan, China) and conformed to the Declaration of Helsinki. All of the patients provided written informed consent.
Cell culture. The 786-0 and HK-2 cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). The Caki-1 and Caki-2 cell lines were purchased from the China Center for Type Culture Collection (Wuhan, China). 5 786-0 cells were cultured in 2 ml antibiotic-free medium in a six-well plate and transfected with pcDNA3.1/Flag/FOXO4 24 h prior to treatment with Bim siRNA. First, 2-8 µl of siRNA duplex was added to 100 µl siRNA transfection medium (solution A) and 2-8 µl of siRNA transfection reagent was added to 100 µl siRNA transfection medium (solution B). Subsequently, solutions A and B were mixed and incubated at room temperate for 30 min. Following washing of each well with 2 ml siRNA transfection medium, 0.8 ml siRNA transfection medium was added to each well containing the siRNA transfection reagent mixture (200 µl from solutions A and B). After incubation for 8 h, the supernatant was removed and replaced with normal medium, followed by incubation for another 24 h prior to analysis. The silencing efficiency was examined using western blot and RT-qPCR. All assays, including transfections, western blots and PCR, were performed as at least three independent experiments.
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Flow-cytometric cell sorting (FACS) analysis of cell apoptosis.
ccRCC cells were transfected with pcDNA3.1/Flag/FOXO4 or pcDNA3.1/Flag and incubated for 24 h. Subsequently, all cultured cells and the media were collected, and following centrifugation at 1,000 x g for 5 min, cells were re-suspended in 300 µl ice-cold binding buffer. Cells were then stained with 10 µl propidium iodide (PI) and 5 µl Annexin V-fluorescein isothiocyanate (FITC) using an Annexin V-FITC kit (Beyotime Institute of Biotechnology, Haimen, China) and incubated for another 5 min. Ten thousand events were analyzed to determine the proportion of apoptotic cells using a FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).
Western blot analysis. Tissue and cell extracts were obtained using radioimmunoprecipitation assay lysis buffer (Biyuntian Biotechnology Co., Shanghai, China) on ice and the lysates were centrifuged for 15 min (12,000 x g, 4˚C). Protein concentration was determined using the QuantiPro™ BCA assay kit (Sigma-Aldrich, St. Louis, MO, USA). Proteins (1 µg/µl; 20 µl) were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (Shanghai Haling Biotechnology Co., Ltd., Shanghai, China) and subsequently electroblotted onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, USA). After blocking non-specific binding to the membrane with 5% non-fat milk, the membranes were incubated overnight at 4˚C with the following primary antibodies at a 1:1,000 dilution: Rabbit monoclonal anti-FOXO4 (Abcam, Cambridge, MA, USA; cat. no. ab128908), rabbit polyclonal anti-Bim (Abcam; cat. no. ab7888), rabbit polyclonal anti-B-cell lymphoma 2 (Bcl-2; Abcam; cat. no. ab59348), rabbit monoclonal anti-Bcl-2-associated X (Bax; Abcam; cat. no. ab32503), rabbit monoclonal anti-cleaved-caspase 3 (Cell Signaling Technology, Inc., Danvers, MA, USA; cat. no. 9664), rabbit polyclonal anti-cytochrome c (Abcam; cat. no. ab90529) and rabbit polyclonal anti-β-actin (Santa Cruz Biotechnology, Inc.; cat. no. sc-130657). Membranes were washed three times with Tris-buffered saline with Tween 20 (TBST; Wuhan Guge Biotechnology Co., Ltd, Wuhan, China) and incubated with corresponding IRDye horseradish peroxidase-conjugated goat anti-rabbit secondary antibody (LI-COR Biosciences, Lincoln, NE, USA; cat. no. 925-32211) for 2 h at room temperature. The membranes were rinsed three times with TBST and the protein bands were visualized using a two-color infrared imaging system (Odyssey; LI-COR Biosciences).
RT-qPCR. Total RNA was isolated from the kidney tissues and cultured cells with TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using the PrimeScript™ RT reagent kit (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's instructions. RNA (1.5 µg) extracted from tissues was used as a template to perform one-step RT-PCR, and human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an internal control. The resulting cDNA was amplified using real-time PCR in a volume of 20 µl with the SYBR Green Master mix (Takara Bio, Inc.) method and the ABI 7500 Real-Time RT-PCR system (Thermo Fisher Scientific, Inc.). The conditions of the PCR were initial denaturation at 95˚C for 30 sec, followed by 40 cycles of 5 sec at 95˚C, 30 sec at 60˚C and 1 min at 72˚C. The Cq values of each samples were calculated using the 2 -ΔΔCq data analysis method (13) . The primer sequences were generated by Sangon Biotech Co., Ltd. (Shanghai, China), as follows: GAPDH forward, 5'-AGA AGG CTG GGG CTC ATTTG-3' and reverse, 5'-AGG GGC CAT CCA CAG TCTTC-3'; and FOXO4 forward, 5'-CTT TCT GAA GAC TGG CAG GAA TGTG-3' and reverse, 5'-GAT CTA GGT CTA TGA TCG CGG CAG-3'.
Statistical analysis. Experiments were repeated three times independently and representative data are shown. Values are expressed as the mean ± standard error of the mean. Student's t-test was used for comparison between two groups, and one-way analysis of variance was used for comparisons between groups. P<0.05 was considered to indicate a statistically significant difference between values.
Results
FOXO4 is downregulated in RCC tissues and cell lines.
In order to examine expression levels of FOXO4, 58 clinical renal cancer samples were obtained and analyzed using RT-qPCR. As shown in Fig. 1A, FOXO4 expression was significantly reduced in 51 (87.9% of total) human RCC tissues compared with that in their corresponding adjacent non-tumorous tissues. Furthermore, the FOXO4 protein expression was assessed in 13 pairs of randomly selected RCC tissues and their adjacent normal tissues using western blot analysis. As shown in Fig. 1B and C, the protein levels of FOXO4 were significantly decreased in RCC tissues compared with those in their corresponding normal tissues in 11 out of 13 pairs (P<0.05). In addition, as shown in Fig. 1D and E, the relative expression levels of FOXO4 mRNA and protein in the three RCC cell lines 786-0, Caki-1 and Caki-2 were significantly Plasmid-mediated FOXO4 overexpression in ccRCC cell lines. In order to clarify the role of FOXO4 in ccRCC cells, two ccRCC cell lines were transfected with pcDNA3.1/FOXO4, which resulted in high expression of FOXO4. As shown in Fig. 2 , western blot and RT-qPCR indicated that in 786-0 and Caki-1 cells, FOXO4 protein and mRNA expression in the pcDNA3.1/FOXO4 plasmid group was upregulated compared with that in the empty plasmid group.
FOXO4 overexpression induces apoptosis in ccRCC cells.
Following transfection with pcDNA3.1/FOXO4 plasmid or pcDNA3.1 plasmid for 24 h, the apoptotic rate was assessed by FACS using Annexin V/PI double staining. The results revealed that overexpression of FOXO4 significantly increased the apoptotic rate of 786-0 (25.0±8.0) and Caki-1 (15.9±4.1) cells, while the apoptotic rate of the control-transfected cells was 3.1±0.2 in 786-0 cells and 1.3±0.2 in Caki-1 cells (Fig. 3A) . To identify the mechanism of FOXO4-induced apoptosis in 786-0 cells, FOXO4-overexpressing cells were subjected to western blot analysis of apoptosis-associated proteins at 24 h following transfection. As shown in Fig. 3B , Bax, cleaved-caspase 3, cytochrome c and Bim were upregulated and Bcl-2 was downregulated in 786-0 and Caki-1 cells transfected with pcDNA3.1/FOXO4.
FOXO4 overexpression induces apoptosis of 786-0 cells partly through upregulation of Bim.
In order to assess the role of Bim in FOXO4-induced apoptosis, Bim siRNA was used to suppress the expression of Bim in FOXO4-transfected 786-0 cells or control-transfected cells. As shown in Fig. 4A , western blot analysis indicated that Bim was downregulated after siRNA treatment. Of note, knockdown of Bim expression led to a substantial decrease in the apoptotic rate of FOXO4-overexpressing 786-0 cells (P<0.05) ( Fig. 4B and C) . In addition, the expression of apoptosis-associated proteins was altered following knockdown of Bim. In the pcDNA3.1-FOXO4 + Bim-siRNA group, cleaved-caspase 3, Bax and cytochrome c were significantly downregulated compared with those in the pcDNA3.1-FOXO4 group. However, knockdown of Bim was not able to rescue the levels of Bcl-2, which were significantly downregulated in the pcDNA3.1-FOXO4 group (Fig. 4D) .
Discussion
The present study was the first to demonstrate the tumor-suppressor role of FOXO4 in ccRCC. FOXO4 was shown to be downregulated in renal cancer tissues but to be highly expressed in non-tumorous tissues. In accordance with the expression levels in tissues, FOXO4 was also expressed at high levels in the HK-2 normal human renal proximal tubular cell line, while its expression in several renal cancer cell lines was low. These results suggested that FOXO4 may act as a negative regulator in RCC. (14) reported that the activation of FOXO transcription factor led to cell cycle arrest and apoptosis in pancreatic cancer, suggesting its tumor-suppressive effects. Furthermore, Nakayoshi et al (17) found that FOXO4 knockdown prevented early pro-angiogenic cells from oxidative stress-induced apoptosis through downregulation of cleaved-caspase 3. This result was in agreement with the results of the present study, which revealed that FOXO4 activation caused apoptosis in RCCs. Current research focuses on the tumor-suppressive roles of FOXOs and other target genes in the induction of apoptosis and their utilization for cancer therapy. FOXO3 was shown to bind to the promoter region of the Bim gene and enhance its transcription to promote apoptosis in breast (16) and hepatocellular carcinoma cancer cells (18) , while downregulation of FOXO3 inhibits the transcription of its target gene Bim to decrease apoptosis (16) . As members of the FOXO family, FOXO4 and FOXO3 show similar biological behaviors. Overexpression of FOXO4 was shown to activate the promoter of the Bim gene and increase its expression, resulting in an elevation of the apoptotic rate (16) . Similarly, phosphorylation of FOXO4 was shown to trigger apoptosis, depending on the stimulation of pro-apoptotic protein Bim (19) , which has a pivotal role in the control of mitochondria-dependent apoptosis. Consistent with these results, the present study also observed that FOXO4 caused apoptosis in cancer cells, partly through enhancing the expression of the Bim gene. Bim is a BH3-only protein, which can bind with all five pro-survival proteins (Bcl-2, Bcl-extra large, Bcl-w, A1 and myeloid cell leukemia 1), making it a more effective apoptosis inducer than other BH3-only proteins (20) . However, the underlying mechanism of the interaction of FOXO4 with Bim requires further investigation.
In conclusion, the present study indicated that the knockdown of Bim in RCCs alleviated FOXO-induced mitochondria-dependent apoptosis. Although it is well known that FOXO4 exerts anti-tumor effects in numerous types of malignancy, the present study was the first to demonstrate its apoptotic effects in RCC. The present study enhanced the understanding of the complex underlying mechanisms of FOXO4-induced apoptosis, which was indicated to proceed via activation of the expression of the pro-apoptotic protein Bim, inducing mitochondria-mediated activation of the apoptotic cascade in RCC. Although it remains elusive how FOXO4 activates Bim expression, it represents a novel therapeutic target for RCC.
